To elucidate the biodiversity of plant growth-promoting rhizobacteria (PGPR) in Korea, 7,638 bacteria isolated from the rhizosphere of plant species growing in many different regions were screened. A large number of PGPR were identified by testing the ability of each isolate to promote the growth of cucumber seedlings. After redundant rhizobacteria were removed via amplified rDNA restriction analysis, 90 strains were finally selected as PGPR. On the basis of 16S ribosomal RNA sequences, 68 Gram-positive (76%) and 22 Gram-negative (24%) isolates were assigned to 21 genera and 47 species. Of these genera, Bacillus (32 species) made up the largest complement, followed by Paenibacillus (19) and Pseudomonas (11). Phylogenetic analysis showed that most of the Grampositive PGPR fell into two categories: low-and high-G+C (Actinobacteria) strains. The Gram-negative PGPR were distributed in three categories: α-proteobacteria, β-proteobacteria, and γ-proteobacteria. To our knowledge, this is the largest screening study designed to isolate diverse PGPR. The enlarged understanding of PGPR genetic diversity provided herein will expand the knowledge base regarding beneficial plant-microbe interactions. The outcome of this research may have a practical effect on crop production methodologies.
Plant-microbe interactions may be beneficial or harmful, depending on the characteristics of the microbes involved and the ways in which they interact with plants. Among such microbes, plant growth-promoting rhizobacteria (PGPR) are distributed on plant roots or in the surrounding soil and have beneficial effects on plants [5, 18, 25] . PGPR may promote plant growth, thus providing high crop yields, and they also function as biocontrol agents against plant diseases caused by phytopathogenic microorganisms [18, 24, 25] . PGPR are also important in bioaugmentationassisted phytoextraction from soils contaminated with heavy metals [21] . Moreover, recent studies indicate that PGPR are able to boost plant tolerance to abiotic stresses such as salt and drought [61] . This suite of benefits has led to the increasing application of PGPR in arable agriculture. The bacteria can be used to replace chemical fertilizers and pesticides that are agents of pollution [1, 28] .
PGPR produce a wide range of metabolites that regulate cell content according to ambient biotic and abiotic stresses [56, 61] . For example, some produce hormones such as indole acetic acids (IAAs), ethylene, and gibberellins that enhance plant growth, seed germination, and root growth. Recently, jasmonate and ethylene production by PGPR was demonstrated [56] ; these two compounds are involved in plant defense signaling pathways. Rhizosphere bacteria are also able to fix nitrogen symbiotically and to solubilize mineral phosphates and other nutrients [6, 20, 37, 63] .
Plant growth promotion by PGPR requires a close relationship between the bacteria and their host plants. This interaction may be recognized as rhizospheric or endophytic [2, 39] . During the PGPR colonization process, bacteria first occupy the rhizosphere. Endophytes are then able to enter plant tissues through the root zone, after which they penetrate plant cells, often conferring beneficial effects on hosts [2, 39] .
Numerous PGPR strains belonging to several genera have been identified in recent decades, including Azotobacter, Arthrobacter, Bacillus, Clostridium, Hydrogenophaga, Enterobacter, Serratia, and Azospirillum [24, 25] . Among the taxa, Pseudomonas fluorescens has been the best characterized through detailed descriptions of speciesspecific properties [52] . The availability of PGPR genome sequences will enhance the knowledge base at the genomic, transcriptomic, and proteomic levels [52] .
Thus far, large numbers of PGPR have been identified from soils and rhizospheres of diverse plant species. However, information on the distribution and diversity of PGPR is more fragmentary. In this study, we undertook a large-scale screening of PGPR, the purposes of which were to (1) isolate a wide range of rhizobacteria from diverse environments and plant species, (2) identify plant growth-promoting bacteria using a cucumber seedling assay, and (3) describe PGPR diversity on the basis of 16S rRNA gene sequences and phylogenetic analyses. As a result, we were able to compile a comprehensive list of 90 PGPR in 21 genera and 47 species, providing fundamental data and expanded knowledge regarding PGPR distribution and diversity.
MATERIALS AND METHODS

Collection of Rhizobacteria from a Diversity of Plants and Locations
Roots of various plant species were collected in diverse areas of Korea (Table 1 ). Root samples of barley, Chinese cabbage, garlic, green onion, leaf mustard, onion, and weeds were washed ( Table 2 ) and homogenized using a sterile mortar and pestle. Homogenized samples were suspended in 0.1 M MgSO 4 solution, and serially diluted suspensions were plated on 1/50 tryptic soy broth (TSB; BD Co., USA). After 3 days of incubation, bacterial colonies grown on 1/50 TSB were selected on the basis of colony morphology, and individual bacterial colonies were stored in TSB medium with 20% glycerol at -72
Screening of Plant Growth-Promoting Bacteria Using a Cucumber Assay Cucumber (Cucumis sativus L. cv. Nongwoo) plants were grown to the cotyledon stage in a greenhouse. Fifty ml of suspension culture prepared for each bacterial isolate (10 8 cells/ml) was inoculated into cucumber plant rhizospheres. Suspension cultures of E. coli were also prepared as reference material. Plant growth promotion was Root samples were collected from diverse plants growing in fields, burned forests, high mountains, islands, and reclaimed lands. We randomly collected among plants with high growth-promoting responses. The majority of the sampling regions are located in the southern part of the Korean peninsula. To identify bacterial species, partial 16S rRNA sequences of each PGPR were determined. The sequences of the 90 selected PGPR were deposited in the National Center for Biotechnology Information (NCBI)'s GenBank. Collection year, species names, sequence accession number, and host plant are listed. To characterize the plant growth-promoting functions of the selected PGPR, phosphate solubilization, nitrogen fixation, siderophore production, and indole production were examined as described in Materials and Methods. The presence and absence of a particular trait is indicated by + and -, respectively. Values are the means of three replicates ± standard deviation. measured 2 weeks after bacterial inoculation. After three independent experiments, plant growth-promoting bacteria were selected.
Statistical Analysis
The obtained results were subjected to analysis of variance (ANOVA) using SAS software (SAS Institute, Inc., Cary, NC, USA). The significance of the effect of bacterial treatment was determined according to the magnitude of the F-value at P=0.05. When a significant F-value was obtained, a separation of the means was accomplished using Fisher's protected least significant difference (LSD) at P=0.05.
Determination of Plant Growth-Promoting Traits of 90 Selected PGPR
To test mineral phosphate solubilization activity, 5 µl of individual PGPR was spotted onto Pikovskaya's agar medium [32] with 0.5% tricalcium phosphate (TCP) as the inorganic phosphate source. The plates were incubated at 30 o C for 4 days and TCP solubilization was characterized by the presence of a clear zone around the bacterial colony. The ability to fix nitrogen was evaluated using semi-solid nitrogen-free NFb medium [10] . The presence of a characteristic pellicle formation within the medium indicated nitrogen fixation.
Siderophore synthesis was investigated by following the method described by Schwyn and Neilands [45] . Ten µl of bacterial suspension was spotted on CAS plates. Development of a deep yellow to orange color was indicative of a positive result for siderophore production.
Production of indoles in the culture supernatant was measured after incubation of PGPR for 4 days at 30 o C in liquid DF minimal salts medium [11] supplemented with 100 µg/ml tryptophan. A 5 ml portion of the culture was centrifuged at 8,000 ×g for 15 min and 2 ml of supernatant was transferred to a fresh tube to which 100 µl of 10 mM orthophosphoric acid and 4 ml of Salkowski reagent (1 ml of 0.5 M FeCl 3 in 50 ml of 35% HClO 4 ) were added. The mixture was incubated at room temperature for 25 min and the absorbance of the resulting pink solution was read at 530 nm on a UV spectrophotometer (UV-1601, Shimadzu, Japan). The IAA concentration in the culture was determined by comparison with a calibration curve constructed using pure IAA as a standard [12] .
Amplified Ribosomal DNA Restriction Analysis (ARDRA) PCR products amplified with the eubacterial primers 27f and 1492r were double-digested with HaeIII and HhaI enzymes (New England Biolabs, Hitchin, UK). Restriction fragment length polymorphism (RFLP) patterns were analyzed on 2.5% MetaPhore agarose (BioWhittaker, Walkersville, USA) gels with a 100 bp ladder (New England Biolabs). Gels were photographed under UV illumination. Redundant rhizobacteria were removed from the dataset based on their RFLP patterns.
DNA Extraction, PCR Amplification, Cloning, and DNA Sequencing Crude genomic DNA from each isolate was prepared by boiling a small quantity of cell material extracted from colonies in 100 µl of 5% Chelex 100 solution (BioRad, Hercules, CA, USA) for 10 min. Preparations were then centrifuged at 12,000 ×g for 2 min. The supernatant was used as the template for PCR. Amplification of the 16S rRNA gene (~1,500 base-pair product) was performed using the eubacterial primers 27f and 1492r [33] . The amplification reaction included 10 pmol of each primer, 2 µl of genomic DNA, 4 µl of 
Phylogenetic Analysis
Full 16S rRNA gene sequences were compiled after sequencing with SeqMan software (DNASTAR Inc., Madison, WI, USA) and 16S rRNA gene sequences of test strains were edited with BioEdit software (http://www.mbio.ncsu.edu/BioEdit/bioedit.html). Multiple alignments were performed with ClustalW software (http://www.ebi.ac.uk/ clustalw/). Each sequence type was compared by BLAST search with those available in GenBank (http://www.ncbi.nlm.nih.gov) to determine approximate phylogenetic affiliations. Evolutionary distances were calculated using the Kimura two-parameter model. The phylogenic tree was constructed with a neighbor-joining method using MEGA 4.0 software [53] .
RESULTS
Isolation and Selection of PGPR from Diverse Rhizobacteria
To isolate PGPR, we collected samples, mostly from rhizospheres of plants, with high growth-promoting capabilities. To increase the diversity of this group, we collected samples from a variety of plants and geographical regions. The samples were collected in the period 2004-2006 in South Korea. Detailed information on sampling locations, which included fields, burned forests, high mountains, islands, and reclaimed lands, is presented in Table 1 . We isolated 7,638 native rhizobacteria that were divided into three groups by collection year: group A, containing 3,577 isolates collected in 2004; group B, containing 1,921 isolates collected in 2005; and group C, containing 2,143 isolates in 2006 (Fig. 1) .
Selection of Growth-Promoting Rhizobacteria
We used the cucumber plant for our assays since it provides an ideal model for screening PGPR; relevant attributes for this purpose include its good germination rate, fast growth, and high yield [62] . In total, 7,638 bacterial isolates were individually inoculated into cucumber seedlings. Only those rhizobacteria with a high growthpromoting capacity in comparison with controls were selected for further analysis. To increase the sensitivity and accuracy of PGPR selection, we used three screening steps (Fig. 1) . In each year of the study, approximately one thousand bacterial isolates were selected in the first screening on the basis of high plant growth promotion as compared with the control after inoculation of all isolates on cucumber seedlings. For the second and third screenings, selected isolates were again inoculated on cucumber seedlings. After all of the screening steps were complete and ARDRA was performed to remove redundant strains, 30 potential PGPR were finally selected in each of the three years of the study for a total of 90 rhizobacteria that greatly enhanced plant growth compared with control plants (treated with E. coli or untreated) (Fig. 2) . The plant growth-promoting rates of the selected strains based on plant fresh weight ranged from 10% to 40% compared with control plants (data not shown).
Evaluation of Plant Growth-Promoting Ability of the Selected PGPR
We determined the treatment effects of the 90 selected PGPR in detail by measuring plant responses in terms of plant height, number, length and width of leaves, stem diameter, and fresh weight (data not shown). Although all of the PGPR were selected for their effects on plant fresh weight, there was no correlation among the six morphological traits. For example, only 59% of the identified PGPR increased cucumber plant height compared with controls. Treatment with nine of the selected PGPR had negative effects on cucumber height. Stem diameter was not altered significantly in comparison with fresh weight by most of the PGPR. Of the 90 selected PGPR, 11 increased plant fresh weight by at least 150% of that of controls. We selected 20 representative PGPR that remarkably enhanced plant growth in terms of height, stem diameter, and fresh weight (Table 3) . Among these strains, the three strains 141-9, LH15-4, and K26-1 increased plant height by more than 20% of that of controls (Table 3) . Treatment with strain B10-4 increased stem diameter significantly, as did K10-1 and Q7-2. Seven other strains increased stem diameter by >15% of that of controls (Table 3) . Strains B10-4, LH15-4, and NH5-1 dramatically increased the fresh weight of cucumber seedlings by at least 50% (Table 3) . Fig. 2 presents examples of growth promotion in cucumber seedling after treatment with 10 selected PGPR.
Half of the 90 selected PGPR were isolated from various weeds, whereas the remaining strains were found in association with barley (24 PGPR), green onion (9), onion (6), leaf mustard (3), Chinese cabbage (2), and garlic (1) ( Table 2) . Based on this result, it seems that barley might be a favorable host plant for PGPR. Although we collected plant samples growing under various environmental conditions, we could not find any correlation between the identity of isolates and soil types (data not shown). 
Functional Characterization of Selected PGPR Associated with Plant Growth-Promoting Traits
In order to characterize the functions of the selected PGPR, we examined four different plant growth-promoting traits in vitro: phosphate solubilization, nitrogen fixation, siderophore production, and indole production. Of the 90 PGPR selected, 83 have at least one trait related to plant growth promotion ( Fig. 3 and Table 2 ). For instance, a majority of the isolated PGPR can solubilize phosphate (50 strains) and produce indole (55) . In addition, 36 PGPR produce siderophores, whereas 29 are able to fix nitrogen. Fifty-one of the selected PGPR were identified as having multiple plant growth-promoting traits. Interestingly, nine of them are capable of solubilizing phosphate, fixing nitrogen, and producing siderophores and indole: L22 (Pseudomonas lini), M45 (Burkholderia cepacia), 4-10 (Pseudomonas fluorescens), B1-9 (Pantoea ananatis), B4-11 (Pseudomonas putida), M17-5 (Stenotrophomonas maltophilia), M13-7 (Brevibacillus brevis), 35-10 (Pseudomonas fluorescens), and K31-3 (Pseudomonas tolaasii).
Identification of Selected PGPR on the Basis of Partial 16S rRNA Sequences
To identify the 90 selected PGPR, we performed colony PCR using primers specific for 16S rRNA sequences. Each amplified PCR product was cloned and used for sequencing. The 16S ribosomal RNA sequence of each of the selected PGPRs was deposited in GenBank under a unique accession number (Table 2) . To determine the genetic identity of individual PGPR, we performed BLASTN searches on the obtained sequences against the nucleotide database. Ninety PGPR were identified to the genus level by this procedure. For phylogenetic analysis, the 16S rRNA sequences of bacterial species closely related to the 90 selected PGPR were retrieved from the GenBank database.
Phylogenetic Relationships of the Selected PGPR
For the phylogenetic analysis, we first divided the 90 PGPR into two groups, namely, 68 Gram-positive and 22 Gram-negative bacteria, on the basis of the BLAST results ( Table 2 ). The 16S rRNA sequences of these PGPRs and taxonomically similar bacterial strains were aligned (Fig. 4) . For phylogenetic analysis of Gram-positive PGPR, the 16S rRNA sequences of 11 Gram-positive bacteria were obtained from GenBank: Bacillus cereus CWBI B1432 (EU128486), B. simplex OSS 24 (EU124559), B. megaterium B15 (EU169176), B. sphaericus KSC SF3b (DQ870695), Sporosarcina globisporus KFC-52 (EF459543), Brevibacillus formosus LMG 16101 (AF378234), Paenibacillus polymyxa GS01 (DQ365577), Rhodococcus erythropolis H212 (EF204442), Arthrobacter nitroguajacolicus CCM4924T, Curtobacterium albidum DSM 20512T, and Microbacterium lacticum DSM 20427 (Fig. 4A) . Many of the selected PGPR were identified as Bacillus cereus, including NH11-2 and NH5-1. Strain 43-8 had high homology with Paenibacillus polymyxa. Four PGPR strains, M17-3, Q49-2, K26-5, and K10-1, were identified as Rhodococcus erythropolis, Arthrobacter nitroguajacolicus, Curtobacterium flaccumfaciens, and Microbacterium terrae, respectively. For the phylogenetic analysis of Gram-negative bacteria, we obtained 16S rRNA sequences of eight Gram-negative bacteria from GenBank: Pseudomonas fluorescens SCAM BA 1 (AM900685), Acinetobacter calcoaceticus AGL 17 (EU121781), Enterobacteriaceae bacterium A46 (AB081580), Pantoea ananatis BD 622 (DQ195523), Stenotrophomonas maltophilia ISSDS-50 (EF620453), Variovorax koreensis GH 9-3 (DQ432053), Methylotrophic proteobacterium loc440 (AF250404), and Ensifer adhaerens CCBAU 01077 (EU170545) (Fig. 4B) . Six of the PGPR, Mc07, 4-3, 4-10, 141-9, 35-10, and K30-2, were identified as Pseudomonas fluorescens. Two strains, B10-4 and CN4-5, were closely related to Acinetobacter calcoaceticus and Acetobacter pasteurianus, respectively. In addition, three proteobacteria, K26-1, K10-2, and K10-6, were homologous with Variovorax koreensis, Methylotrophic proteobacterium, and Ensifer adhaerens, respectively.
Genetic Diversity of the Selected PGPR BLAST searches and phylogenetic analysis showed that the 90 selected PGPR belonged to 21 different genera ( Table 2 ). The largest generic grouping (32 PGPR) belonged to Bacillus (Table 2) , whereas 19 strains belonged to Paenibacillus and 11 to Pseudomonas. We identified a range of other genera among the PGPR: Acetobacter, Arthrobacter, Brevibacillus, Burkholderia, Curtobacterium, Ensifer, Lysinibacillus, Methylotrophic, Microbacterium, Rahnella, Rhodococcus, Sporosarcina, Variovorax, and Viridibacillus. A large proportion (63%) of the PGPR formed a cluster of low G+C Gram-positive bacteria; γ-proteobacteria (17%) and actinobacteria (12%) were also well represented (Fig. 4 and Table 2 ). Alpha-and β-proteobacteria made up the smallest groups, each containing one PGPR. The majority of Gram-positive PGPR fell into two groups depending on their G+C ratios. For instance, Bacillus, Sporosarcina, Brevibacillus, and Paenibacillus are proteobacteria with low G+C ratios. In contrast, Rhodococcus, Arthrobacter, Curtobacterium, and Microbacterium form a group of actinobacteria with high G+C ratios.
In detail, each PGPR genus could be further divided into many species. For example, PGPR in the genus Bacillus included 11 species: B. acidiceler, B. aquimaris, B. cereus, B. drentensis, B. luciferensis, B. megaterium, B. niacin, B. pumilus, B. simplex, B. thuringiensis, and B. weihenstephanensis. In addition, PGPR in the genus Paenibacillus included 7 species: P. amylolyticus, P. castaneae, P. odorifer, P. polymyxa, P. taichungensis, P. telluris, and P. terrae.
DISCUSSION
The composition and colonization patterns of rhizobacteria closely associated with plant hosts may vary by plant species and environmental conditions, including soil type, climate, humidity, and temperature. Recently, a wide range of PGPR was identified from various environmental conditions and plant species [5, 25] . However, in many cases, PGPR have been identified from single plant species or under a limited set of environmental conditions. With The 90 identified PGPR were categorized into two groups, (A) Gram-positive (68 PGPR) and (B) Gram-negative (22 PGPR), on the basis of partial 16S rRNA gene sequences. 16S rRNA sequences of PGPR and closely related bacteria were aligned using ClustalW software with manual modification, and a phylogenetic tree was constructed with a neighbor-joining algorithm using MEGA4 software. One thousand bootstrap replicates were performed. Methanosarcina barkeri DSM800 T was used as an outgroup. The scale bar is equivalent to 0.05 changes per nucleotide position.
BIODIVERSITY OF PLANT GROWTH-PROMOTING RHIZOBACTERIA 787 such restricted sampling, PGPR have often been assigned to a small range of bacterial genera whose growthpromoting capabilities were tested on a small number of plant species. For example, a previous study identified several PGPR in samples restricted to the rhizosphere soil of wheat plants [17] . PGPR have occasionally been screened under high salinity and water stress [23, 31] . Our approach was much broader as we aimed to identify the greatest diversity of PGPR. To do this, we sampled across a range of environmental conditions such as burned forests, high mountains, and reclaimed lands. We collected from a range of host plants, including wild weed species. Our 3-year sampling program produced 7,638 isolates. It is noteworthy that the culture medium and conditions play important roles in the isolation of rhizobacteria. In our study, we used TSB as the selection medium. If we had used another culture medium instead, the identity of the isolated rhizobacteria might have been different. Finally, we used a three-step screening process to identify 90 PGPR that enhanced the growth of cucumber seedlings. The proportion of PGPR among the isolated rhizobacteria was only 1.1%, indicating the rigor of our screening steps. Surprisingly, the 90 PGPR isolated had a high genetic diversity with 21 genera and 47 species, a result which may hold great promise for future applications in agriculture.
It might be interesting to see the relationship between the diversity of PGPR and host plants. Half of the PGPR in this study were identified from the rhizosphere of different weeds. However, we could not present the species name of each weed plant owing to the large sampling size. Interestingly, the majority of the PGPR derived from weeds were determined to be members of Bacillus (16 PGPR), Paenibacillus (6), and Pseudomonas (4), suggesting that these three genera represent the dominant PGPR in the rhizosphere of various weed plants. In addition, we also identified 24 PGPR from barley that could largely be divided into the two groups Bacillus (10 PGPR) and Paenibacillus (9) . Furthermore, a recent study by real-time PCR confirmed that a large number of Paenibacillus polymyxa cells were present in the rhizosphere of wild barley [54] . Based on such data, we propose that members of Paenibacillus may be dominant PGPR, especially in association with barley plants.
Among the isolates obtained in this study, the genera most often identified were Bacillus, Paenibacillus, and Pseudomonas. Members of Bacillus are ubiquitous bacteria that include both free-living PGPR and pathogenic species. Hence, it was not surprising that we identified Bacillus PGPR in most of the plants sampled, which included weeds, barley, onion, green onion, leaf mustard, Chinese cabbage, and garlic (Table 2) . PGPR belonging to Bacillus have been reported to enhance the growth of several plants such as Pinus, wheat, tomato, sugar beet, sorghum, peanut, and onion [7, 34, 60] . Several Bacillus strains also induce resistance to cucumber mosaic virus in tomato and Arabidopsis plants [29, 40] . It is obvious that members of the genus Bacillus are not the dominant bacteria in the rhizosphere of various plants; however, the proportion of PGPR belonging to Bacillus in this study (32/90) suggests they are highly competent in the rhizosphere compared with those of other genera. Although previous studies reported numerous PGPR belonging to the genus Bacillus, they were mostly restricted to certain species. The three Bacillus species identified in our study, B. cereus (8 PGPR), B. simplex (7), and B. megaterium (6), were the most representative PGPR. However, we identified an additional eight Bacillus species: B. aquimaris, B. pumilus, B. weihenstephanensis, B. acidiceler, B. drentensis, B. luciferensis, B. niacin, and B. thuringiensis. These results indicate the novelty of our study, revealing a high diversity of Bacillus PGPR species.
Paenibacillus was the second largest PGPR group in this study. The 19 isolates in this genus had high plant growth-promoting properties. The genetic diversity of PGPR in this genus was not as high as those in Bacillus. However, a total of seven Paenibacillus species were identified. Among them, P. polymyxa (10 PGPR) was the most dominant followed by P. terrae (3) and P. amylolyticus (2). In particular, the growth-promoting capacity of P. polymyxa has been intensively characterized in various plant species [7, 8, 41] . In addition, four other species, P. castaneae, P. odorifer, P. taichungensis, and P. telluris, were identified; these species might be mostly unreported PGPR. The most interesting point is that many Paenibacillus species can play a key role in biocontrol by producing peptide antibiotics, such as polymyxins and mattacin, that are antagonistic factors [27, 47] . Moreover, many Paenibacillus strains are capable of metabolizing starch, which may be significant in the establishment of rhizobacteria in the vicinity of plant roots [46] . Overall, we propose that the identified Paenibacillus species are one group of beneficial rhizobacteria that could be applied in the field owing to their abilities as PGPR and biocontrol agents.
A third group of PGPR belonged to the genus Pseudomonas. Among the known PGPR, those belonging to Pseudomonas are probably the best characterized. Several taxa of Pseudomonas increase the growth of maize, asparagus, bean, wheat, pepper, Catharanthus roseus, and tomato [4, 14, 15, 23, 30, 48, 59] . Of the Pseudomonas species identified as PGPR in this study, P. fluorescens strains (6 PGPR) were frequently identified. Furthermore, with the exception of P. putida, four Pseudomonas species, P. putida, P. lini, P. synxantha, and P. tolaasii, were identified as PGPR for the first time herein, lending significance to our study. Interestingly, many previous studies have shown that Pseudomonas PGPR are highly resistant to various environmental stresses. For instance, the effects of the PGPR Pseudomonas fluorescens MSP-393 are not altered 788 Kim et al. in highly saline soils such as those on coastlines [31] . Furthermore, production of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase by Pseudomonas fluorescens increases the resistance of plants to salt stress [44] . A recent study also subjected diverse Pseudomonas species to osmotic stress, demonstrating that stress-adaptable PGPR are good candidates for selecting stress-tolerant strains [43] . Therefore, it might be interesting to test the resistance of the PGPR identified in this study to various environmental stresses in the future.
Besides members of these three major genera, the remaining PGPR belonged to 24 species in 18 genera. Such PGPR biodiversity could be due to the large number of locations and plants sampled. However, had we only collected plant samples from fields, it is possible that a similarly diverse set of PGPR would have been revealed. Our efforts to study the biodiversity of PGPR may provide information to help distinguish the proper PGPR for certain purposes.
Other PGPR belonged to the genera Arthrobacter, Burkholderia, and Microbacterium. Arthrobacter taxa are usually found in soil, and some function in bioremediation. For instance, Arthrobacter chlorophenolicus has the ability to degrade high concentrations of 4-chlorophenol, which is a recalcitrant toxic compound in contaminated soils [58] . Several Burkholderia species promote the growth of potatoes, vegetables, grapes, and wheat by producing ACC deaminase [9, 48] . Some Microbacterium species function in phytoextraction by assimilating heavy metals such as Pb and Ni; they also increase the growth of apple and rape [16, 50] .
PGPR members of the genus Acinetobacter promote wheat, pea, chickpea, maize, and barley production through nitrogen fixation, siderophore production, and mineral solubilization [13, 42] . The genus Stenotrophomonas consists of at least eight species that are strongly associated with plants. Among them, the endophyte Stenotrophomonas maltophilia promotes plant growth and plays roles in bioremediation and phytoremediation [38] . Moreover, members of the genus Rhodococcus are able to reduce chromate in metal-contaminated soil and promote plant growth at low temperatures when the bacteria are endophytic [35, 55] . One member of the genus Brevibacillus has strong symbiotic interactions with arbuscular mycorrhizal fungi that promote plant growth in lead-contaminated soil [57] . A bacterial strain belonging to Curtobacterium and other PGPR control multiple cucumber pathogens [36] . Members of Ensifer occur as legume root-nodule bacteria that function in a nitrogen-fixing symbiosis [22] . The family Enterobacteriaceae contains PGPR members with diverse abilities, including nitrogenase activity, phosphate solubilization, IAA production, and antifungal activity against Fusarium solani [51] . Methylotrophic species promote the growth of tomato while reducing nickel and cadmium toxicity [26] . Recently, a PGPR in the genus Pantoea was shown to promote the growth of pepper plants [15] . PGPR in the genus Serratia are able to produce IAA and siderophores [19] . They are able to increase growth in Zea mays, especially in heavy-metalcontaminated soil [19] . In addition, the isolate Serratia plymuthica A21-4 increases the efficacy of biocontrol against Phytophthora blight of pepper [49] . Although plant growth promotion by Sporosarcina has not yet been reported, it is able to produce glucan by converting Larabinose [64] . One member of the genus Variovorax containing ACC deaminase increases the growth and yield of pea by reducing abscisic acid-mediated signaling [3] .
Taking all of these diverse PGPR characteristics into account, it is clear that the 90 identified isolates have great potential for future research. Previous studies of closely related PGPR species show that these bacteria play critical roles not only in plant growth promotion but also in biological control, biofertilization, and phytoremediation. Hence, future studies should focus on the functional characterization of PGPR for practical applications in the field. Growth promotion in diverse field-grown plants, epiphytic and endophytic colonization abilities, and metabolite production should be examined in these PGPR. Genomewide approaches such as transcriptomics, proteomics, genomics, and metabolomics will facilitate elucidation of the functional interactions between plants and the PGPR identified in this study.
